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The small angle X-ray scattering (SAXS) method was applied to examine 
the whey protein isolate (WPI) — iota carrageenan mixed gel structures. 
The results obtained by means of the SAXS method were compared with 
the rheology of these gels. The SAXS curves of different WPI + iota 
carrageenan gel structures obtained at different pH were versatilely 
analysed by fulfilling the power law scattering requirements. The fractal 
dimensions of individual gel structures were estimated. The formation of 
different protein gel structures, which depended on pH values as well as 
on the amount of iota-carrageenan in a sample, was confirmed by SAXS 
curves appearances and fractal dimension. It was found that the fractal 
dimension of individual protein gels were changed after the addition of a 
small amount of iota-carrageenan. The correlation between shear strain 
and stress values and structure parameters obtained by the SAXS method 
was observed. 


1. INTRODUCTION 


Proteins and polysaccharides are widely used hydrocolloids in the food 
industry [1]. One of the main functional properties of proteins is their ability to 
form gels during heating in suitable conditions [2]. The ability of proteins to 
form gels as well as the type of protein gel structures formed depends on the 
equilibrium between the repulsive and attractive forces, which, in turn, depend 
on the existing pH value, protein concentration, and ionic strength of the 
protein suspensions [3]. 
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Polysaccharides, especially carrageenan, are widely used in the dairy 
industry as stabilising, thickening and gelling agents. Carrageenans are anionic 
polysaccharides extracted from red seaweed. They are highly sulphated and the 
different types of carrageenan vary in the number and positions of sulphate 
groups on the galactose dimer. The two most common types of gel forming 
carrageenans are iota and kappa carrageenan [4]. 

Gelation of mixed aqueous solutions of polysaccharides and proteins has 
recently received much attention owing to the commercial availability of 
several new food ingredients and their use in creating products with specific 
textures e.g. whey protein desserts [5, 6]. Mixed gels are formed from blends 
containing more than one gelling biopolymer; their classification comprises 
three types: interpenetrating, coupled, and phase-separated networks [7]. 
In many cases, the entropic contribution is often greater than the enthalpic one, 
which is why the phase separation of biopolymers is generally the rule [8]. 

The three-dimensional structure of protein gels determines many functional 
properties of food such as texture or water- and fat-binding ability as well as 
the diffusion properties, etc.. A number of researchers have focused their 
attention on this aspect of protein gel structures. One of the methods that enable 
the examination of protein gel structures is the small angle X-rays scattering 
(SAXS). 

The scattering intensity of radiation at small angles /(q) depends on the 
electron density difference between the scattering phases and the surroundings 
as well as on the size and shape of scattered objects which may have 
dimensions in the range of 10-10000 A and on the concentration of the 
examined objects i.e. the possibility of occurrence of the secondary interference 
between them [9]. 

For many systems it is difficult to establish the exact influence of the shape, 
size and concentration effects by the SAXS method. Normally, the approach is 
to search and obtain a system in which only one of the above criteria plays the 
dominant role. For example, during the examination of the globular structure of 
protein gels, it is possible to eliminate the intermolecular scattering effect by a 
dilution process and only then to estimate a number of parameters which 
describe the shape and size of examined particles. 

On the other hand, one can utilise the differences that exist in the scattering 
curves by assuming that in various samples the interference of scattering 
radiation occurs for a given scattering body with a definite protein 
concentration. Intermolecular interferences have a significant effect on the 
scattering profiles of SAXS (as well as on the small angle neutrons scattering — 
— SANS); this effect depends not only on the particle concentration but also on 
the type of spatial: distribution [10]. The latter property can be used in 
examining the structure of many systems, e.g. the structure of protein gels [11]. 
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Fig. 1. An example of scattering curve shape of two structures which differed in spatial 
distribution of primary particles 


In Figure 1, the scattering curve profiles for two exemplary different 
structures are shown. The two structures analysed were formed by identical 
primary particles but differed in their spatial particle distributions. Such two 
structures can also describe certain structures of protein gels. 

In the last few years, new developments have given rise to a new 
interpretation of SAXS scattering curves for different systems. It has been 
confirmed that SAXS scattering effect can be used to estimate a wide range of 
q values in the form of power law for large numbers of disordered, complex and 
condensed systems [12]: 

Ka) =l q" 
where: 
Io, & — constants 
q = (4msin6)/A — scattering vector modulus 
20- scattering angle 
A — wavelength 


An interesting information can be obtained on the basis of O-coefficient 
values. The values of this coefficient allow identify a type of structure in the 
examined system. This also concerns the fractal systems and the determination 
of electron density profile changes at the interface between scattering objects 
and surroundings. In Table 1, the O-coefficient values for various types of 
structure are shown. The presented a-coefficient values are obtained with the 
use of point-collimated beams; for a slit-collimated camera, these values should 
be reduced by a factor of 1. 
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Tab. 1. Values of the œ magnitude of the power law scattering exponents for some 
scattering systems 


Mass fractal with fractal dimension Dm 
Surface fractal with fractal dimension D 3<6-D,<4 


Polydisperse system of fractal scatterers that have a mass-fractal] O<ax<D,, 
dimension Dm, 

Polydisperse system of fractal scatterers that have a surface-fractal]| O0<a<6-D, 
dimension D,, 


(Sai tojas inieprmeicaine vounlest ani), <daeakengemalel |atanabens 121! 


Non-fractal scatterer with smooth bounda 
Porous solid with smooth pore boundaries and a continuous power- 
law density transition with a power-law-transition exponent p 

For the last few years, various experimental techniques in rheology, 
microscopy, scattering, and gel permeability have been applied to investigate 
fractal structures in protein gels [13-20]. 

Recent investigations of examined condensed protein materials (e.g. protein 
gels) by the SAXS method have concentrated on the differentiation of various 
kinds of protein gel structures [14, 21-23] and estimations of fractal 
dimensions [24]. 

As shown above, the SAXS method allows for do determine fractal 
dimensions if the power law scattering conditions are fulfilled and if the 
&-exponent attains optimal values. Nevertheless, it is practically impossible to 
provide the ideal power law scattering conditions. They are affected by both the 
statistical experimental errors and the nature of the examined material. 

The aim of this work was to analyse the profile of the SAXS curve for heat- 


induced WPI gels obtained at different pH and with different amounts of iota 
carrageenan. The results were then compared with the rheology of mixed gels. 


2. MATERIAL AND METHODS 


In this study, Iota carrageenan ( Sigma Chemical Co., St. Louis, USA) and 
whey protein isolate (WPI), (BIPRO, Davisco Foods, USA), 91.87% protein 
content, were used, 
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Gel preparation and compression. WPI protein suspension (10% w/w) was 
prepared in 0.1 M NaCl. Iota carrageenan was added to final concentrations 
0.1% or 0.5% to several samples. Iota carrageenan was pre-dissolved by heating 
at 75 °C for 15 min. Dispersions were adjusted to pH 7 or 10 with 1.0M NaOH. 
Suspensions were placed in 8 mm inner diameter glass tubes greased with soy 
oil, and then heated in an 85 °C water bath for 30 min. After heating all samples 
were immediately cooled and held at approximately 5 °C for 24 h. 

Gels were removed from the tubes and cut to 8 mm lengths using a scalpel. 
Uniaxal compression to failure was used to measure the true shear stress at 
fracture (stress) and the true shear strain at fracture (strain) of gels. 
An TA-XT2i texture analyser (Stable Micro Systems, Haslemere, UK) was 
used to compress gels between two parallel plates at the cross-head speed of 
1 mm/s. Six samples of gels were evaluated during each treatment. Each 
treatment was repeated three times. Gels were treated as incompressible 
materials, and the true shear strain at fracture (€a) was calculated as: 
€- = -In[1-(Ah/h)], where h is the height of the uncompressed sample which 
fractures after Ah of compression. The compressive stress (o,) at fracture was 
calculated as: g, = Force [1-(Ah/h)/IIr’, where r is the initial gel radius. The 
shear stress at fracture (Ces) was calculated as: o,;= 0.5(0,) [25]. 


SAXS measurement. The measurement of small angle X-rays scattering 
(SAXS) was carried out using Kratky’s camera (produced by Military 
Technical Academy, Warsaw, Poland) with a linear focusing Cu tube. The 
monochromatic rays were obtained by applying a Ni filter, a linear amplifier, 
and a high impulse analyser. The geometry of the SAXS camera and other 
conditions of the SAXS experiments allowed for treating the obtained 
scattering curves as slit-smeared data for a beam with an infinite length. The 
background scattering curves (for the empty cuvette) were each time subtracted 
from the scattering curve for the investigated sample [26]. The measurements 
were performed at the room temperature. 


3. RESULTS 


SAXS measurements. Figure 2 shows the SAXS scattering curves for the WPI 
protein gel samples obtained at pH=7 with and without iota carrageenan. It can 
be observed that the SAXS curve without iota carrageenan demonstrates the 
greatest scattering with a quite indistinct peak. The presence of a peak on the 
SAXS curve for globular protein gels confirms the regular distribution of 
globules in the gel structure. This would indicate that the structure of gel in this 
sample is very complicated, because many globular gels in the form of coral 
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thread-like structures were formed [27] whereas a certain number of them 
remained in the form of loosely isolated globules. 
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Figure 2. The SAXS curve for the WPI gels at pH =7 


The 0.1% increase in iota carrageenan significantly increases the peak value 
on the SAXS curve but it can also be observed that the SAXS scattering 
intensity is much lower for this sample. This means that the difference of 
electron density between the gel globules and the matrix decreases and that the 
distribution of globules has become more regular in the gel with iota 
carrageenan. A further increase of iota carrageenan up to 0.5% continues to 
decrease the SAXS scattering; the peak also remains less distinctive. This 
means that an increase in iota carrageenan causes a further decrease of the 
electron density difference between globules and the matrix as well as 
a decrease in regularity of globule distribution. 
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Figure 3 shows the same scattering curves that are charted in Figure 2 but in 
the log-log scale. This method of presentation allows to determine whether 
scattering curves fulfil the scattering power law, i.e. whether they yield 
arectilinear run. As Figure 2 shows, the curves have a rectilinear run with 
a varying slope within the significant range of q (from approximately 0.02 to 
0.11). The & factor of the scattering power law has been calculated on the basis 
of the slope of the curves. The obtained data are shown in Table 2. (The SAXS 
measurements were made using slit-collimated equipment, which is why 1 was 
added to the SAXS curve slope values in order to determine œ). 
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Fig. 3. The profile of logI vs. logq plot dependence for WPI gels at pH = 7 
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Tab. 2. Values of the œ magnitude for investigated samples 


D 

is sodtndw ai weamplong gnisstjgas odi [nui muo y 
WPI pH=7 
WPI pH=7 + 0.1% iota carrageenan 
WPI pH=7 + 0.5% iota carrageenan 


WPI pH=10 


As Table 2 clearly shows, the introduction of iota carrageenan significantly 
decreases the © value. This is particularly strong in the case of the WPI sample 
with pH=7 and 0.5% iota carrageenan. 

Figures 4 and 5 show the SAXS scattering curves of gel samples obtained at 
pH=10 and with or without the 0.5% iota carrageenan addition. The SAXS 
scattering curve for gel samples without iota carrageenan (Figure 4) shows 
a distinct peak, which suggests the individual and regular distribution of protein 
globules in gel. The iota carrageenan addition increases the peak but it also 
moves it towards higher values. This means that the average distance between 
globules in gel has decreased, which permits the conclusion that a given sample 
with iota carrageenan has smaller but more numerous globules. 

The a-coefficient value for samples obtained at pH=10 is smaller than for 
those at pH=7. Also, the a-coefficient differential after the 0.5% iota 
carrageenan addition is smaller than the one for the gel obtained at pH=7. 


WPI pH=10 + 0.5% iota carrageenan 


Uniaxial compression properties of WPI and WPI-iota carrageenan 
heat-induced gels. Shear strain at fracture values of 0.1-0.5% iota carrageenan, 
10% WPI and mixture of the proteins and iota carrageenan gels are given in 
Table 3. Possibly due to the small concentration of polysaccharide at 0.1% 
concentration, iota carrageenan did not gel after heating samples to 85 °C at 
pHs 7 and 10 and subsequent cooling them down to the room temperature. Gels 
obtained with 0.5% iota carrageenan were too weak in both pH values. WPI gel 
obtained at pH=7 had a texture unsuitable for measurement: it was too elastic to 
fracture at 80% deformation. This observation is consistent with the results 
obtained by Mleko [28] and Mleko et al. [23]. At this pH, WPI gels were 
defined as particulate/fine-stranded [28] or fine-stranded [29]. The addition of 
0.1% carrageenan to WPI gels at pH 7 causes a decrease in shear strain at 
fracture. For the higher concentration of iota carrageenan (0.5%), a coagulum 
was obtained. 
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Fig. 4. The SAXS curve for the WPI gels at pH =10 


Tab. 3. Effects of pH and iota carrageenan concentration on shear strain at fracture of 


10% protein gels 
Shear strain at fracture (kPa) 


0.5% iota carrageenan 
10% WPI 1.10 +0.08 


+0.1% iota carrageenan 
+ 0.5% iota carrageenan 


Sema oT 
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Fig. 5. The profile of logI vs. logq plot dependence for WPI gels at pH = 10 


Sanchez et al. [30] observed the deleterious effect of high xanthan 
concentration (0.5%) on the mechanical properties of WPI gels at pH 7.0. 
At pH 10 carrageenan caused an increase in shear strain at fracture with an 
increase in the polysaccharide concentration. 

Gel with the highest shear stress value was obtained at pH=7 for 0.1% iota 
carrageenan and 10% WPI mixed system (Table 4). At pH 10, the presence of 
the same concentration of polysaccharide causes an increase in shear stress of 
mixed gels whereas at a higher carrageenan concentration shear stress 
decreased (Table 4). Phase separation probably occurred in mixed WPI-iota 
carrageenan gels, which is consistent with the investigations carried out by 
Syrbe [29], who observed such a type of interactions for solutions of anionic 
hydrocolloids-whey protein at pH 6-7. The segregation in these systems occurs 
after the whey protein is denaturated by a thermal or high pressure treatment. 
At pH higher than the whey protein pl, the protein self-association is reduced; 
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the cross-association of whey proteins and anionic polysaccharides is also 
reduced due to an increase in electrostatic repulsive forces between the 
negatively charged biopolymers. However, sulphated hydrocolloids such as 
carrageenan can form soluble protein-complexes at pH higher than the protein 
pI. An increase in pH or in ionic strength dissociates inter-biopolymer 
complexes and leads to the enhancement of protein-sulphated polysaccharide 
incompatibility [31]. 


Tab. 4. Effects of pH and iota carrageenan concentration on shear stress at fracture of 
10% protein gels 


Shear stress at fracture (kPa 


PSS EME IO | 
01% ia Ca 
A Eka 
10% WPI 17.1 + 0.95 


+0.1% iota carrageenan 
10% WPI coagulum 
+ 0.5% iota carrageenan 


Discussion of results. The comparison of the results of the examination of 
protein gel structures as well as of the determination of mechanical properties 
of these gels clearly demonstrates a significant influence of iota carrageenan, 
upon both structure and texture. At pH 7, when whey protein gels have the 
mixed (particulate/fine-stranded) structure, an increase of iota carrageenan by 
0.1% causes a change of structure to isolated globules. A further increase in the 
polysaccharide to 0.5% causes a clear decrease in scattering; the peak on the 
SAXS curve is smaller compared to that on the curve for a sample with a lower 
concentration of iota carrageenan. Also, the peak is moved in the direction of 
lower q values. Such results may suggest that the polysaccharide mainly enters 
the gel matrix, which results in the decreased scattering, and, at higher 
concentrations, affects the creation of larger isolated protein globules. This 
suggestion is clearly confirmed by the changes in the protein gel texture 
accompanying the increased polysaccharide concentrations (Tables 3 and 4). 
At higher pH, WPI gel has the fine-stranded structure comprising isolated 
protein globules. An increase in iota carrageenan at this pH causes an increase 
in the peak on the SAXS curve while the peak moves towards lower q values. 
This suggests that the globules created in such conditions are smaller compared 
to globules in pure protein gel. This structural change in gels may explain an 
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increase in shear strain at fracture at pH 10 and with polysaccharide compared 
to pure WPI gels (Table 3). However, at pH 10 iota carrageenan appears to 
have little influence on the hardness of gels (Table 4). 

The examination of structure clearly shows that the analysed samples 
possessed properties of mass fractals (compare Tables 1 and 2) [24]. An 
increase in polysaccharide contents caused a decrease in fractal dimensions; 
this was particularly clear at pH 7. The changes in fractal dimensions may be 
connected with the changes in structure of investigated gels. At pH 7, 
significant changes in the rheology were observed; at higher pH’s such changes 
were small (Tables 3 and 4). This clearly correlates with the changes in fractal 
dimensions obtained from the SAXS measurements (Table 2). 

The present analysis constitutes an introduction into the examination of the 
influence of polysaccharide upon the structure and the rheology of whey 
protein gels. Considering the obtained results it is possible to state that even a 
small increase in iota carrageenan contents causes significant changes in the 
mechanical properties of gels, which was clearly reflected in the results 
obtained using the SAXS method. However, a more detailed interpretation of 
the obtained data, and particularly the analysis of the correlation between the 
SAXS scattering curves and the rheology, requires further researches. 
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